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Нагрев образца значительно увеличивает неопределенность условий получения спектров в 
Рамановской микроспектроскопии. В работе теоретически оценен максимальный рост темпе­
ратуры внутри образца при воздействии лазерного излучения. Результат моделирования рос­
та температуры представлен аналитически в виде функции свойств пробы (показатель рефрак­
ции, коэффициент абсорбции, теплопроводность), мощности лазера и значения апертуры фоку­
сирующего объектива. Показано, что достигаемая точность определения температуры по соот­
ношению интенсивностей стоксовской и антистоксовских полос может быть оценена теорети­
чески, что имеет большую практическую значимость. Получена функциональная зависимость, 
связывающая точность определения температуры образца с основными источниками экспери­
ментальных погрешностей. Обсуждены различные практически влияющие факторы, вызываю­
щие ухудшение теоретического отношения dT/T.
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INTRODUCTION
Soon after a theory of the Raman effect had been 
developed that accounted for the different radiant 
intensities of Stokes [I) and the corresponding anti- 
Stokes (/ ) bands in the h arm on ic  osc illa to r  
approximation it was proposed to derive the absolute 
temperature T of the probed sample volume from the 
ratio I J l x using the following relationship [1-5]:
• ( l )
where v0 the absolute wavenumber of the exciting
laser line, v, the wavenum ber of the m olecular 
vibration giving rise to the Raman signal and 11. с 
and к physical constants with their usual meaning.
In practice this was. for various reasons, not 
always found to be feasible as outlined, for example, 
in [2]. In this note it is attempted to estimate the 
extent of heating in the focal region of a typical laser 
micro-Raman set-up due to the intense irradiation. 
Ultimately an approximation for the upper lim it of 
the temperature rise will be expressed analytically 
in terms of the relevant instrum ent parameters and
sam ple  p ro p erties . Also ad d ressed  will be the  
practical aspect of determining the error dT /T  of 
th e  te m p e ra tu re  a s  derived from Eq. (1). The 
exp erim en ta l u n c e rta in ty  will be derived a s  a 
function of the Raman band param eters and the 
instrum ent response. Finally, some experimental 
difficulties involved in using S tokes/an ti-S tokes 
ratios for therm om etric purposes will be discussed.
RESULTS AND DISCUSSION
Heating effects
Modern dispersive Raman microspectrometers 
utilize a conventional optical microscope to direct a 
laser beam onto the sample and to subsequently 
collect the Ram an signal in back-scattering geo­
metry. Usually non-immersion objectives with a x50 
or X100 magnification and a numerical aperture of 
0,55 to 0,95 are used. In the focal point the 1 /e  
d iam ete r of th e  la se r beam  w aist typically lies 
between 1 and 2 pm for a x 100 objective, depending 
on the wavelength and the quality of the beam and 
collimation optics. In the geometrical limit the 1 /e - 
envelope can be represented by two coaxial cones 
with their tips joined at the objective focal point. 
Waveoptical deviations from this cone shape become 
significant in the focal region. See Fig. I for details.
Fig. 1. Schematic cross-section of laser beam focus with the 
radius of the beam waist, a. Dashed lines represent envelope of 
laser beam in the geometrical limit. Cone half angle a is given by 
the objective numerical aperture and the sample refractive index.
Propagation direction of laser light coincides with z-axis
Since the envelope is hyperbolic in both, the far 
and near focal field, the beam radius is given by r2 = 
-a 1 + (a/b)2-z2 where z  is the distance from the focus 
along the cone axis while a and b are defined by 
a = b-tg(a) [6-10|. In air the cone half angle a can be 
linked directly to the objective numerical aperture 
by NA = sin(a). The hyperboloid can be thought to 
consist of infinitesimally thin coaxially stacked discs 
of volume dV:
dV(z) = я -^(z) dz = я а2 (1 + (z/b)2) dz . (2)
The propagating laser light passes through each
d isc  an d , in th e  a b se n c e  of any  a tte n u a tio n  
m echanism s, the irrad iance is simply the laser 
power divided by the disc area. The irradiance is at 
its m axim um  in the focal point where the beam 
diameter is smallest. This picture has to be modified 
if scattering and absorption effects become relevant. 
Subsequently it is assum ed th a t a change of the 
sample refractive index with temperature is insignifi­
cant and that only absorption, in particular, linear 
absorption, where the absorption coefficient is inde­
pendent of the intensity, has to be considered. Further. 
Lambert's law I(dz) = /[z-z0) = /(z0)exp( - A(z-z0)) is 
assum ed to hold despite the non-parallel nature of 
the beam. The variable dz denotes the path length 
the light has to travel within the sample to fall (dz>0) 
by a factor of exp(-Adz) from the intensity I(z0) 
m easured at the coordinate of the focal point. z0. 
Here the directions of the z-axis and the laser propa­
gation are chosen to be identical and z0 was set to 
zero (See Fig. 1). Differentiating the so simplified 
relation with respect to z one arrives at the following 
expression for the absorbed laser energy per unit 
length:
dl(z) = - /(0 )A exp (-A z)d z  . (3)
with A the absorption coefficient. I[0) the laser power 
in and z the distance from the focus. Combining Eq.s 
(2) and (3) the power density of the absorbed laser 
energy r tha t eventually dissipates as heat can be 
expressed as follows:
p(z) = dl(z)ldV(z) = -(A7(0))/(*-a2)exp(-Az)/(1+(z/b)2) = 
= p(0)exp(-Az)/(1+(z/b)2). (4)
On analysing Eq. (4) it can be seen that there is 
exactly one local m inim um  as well as one local 
maximum “above" (towards the objective) the focal 
position if A b < 1 holds. For A b « 0 the relation 
simplifies to p(z)/p(0) = 1 / ( l+(z/b)-) representing a 
symmetric peak positioned at the focal point and 
with FWHM=2b. In this case the geometry of the beam 
envelope predominates the functional dependence 
of the power density. As A-b app roaches 1 the 
minimum and maximum merge and eventually form 
a saddle point which transform s into a point of 
inflection for A b > I. Representative normalised 
curves of the absorbed power density versus the 
reduced depth variable are shown in Fig. 2.
TWo features in Fig. 2 are noteworthy. First, if 
absorption occurs and if the laser is focused within 
the sample, tha t is, the z-coordinate of the sample 
surface is negative, the local maximum of the power 
density is shifted away from the focus towards the 
collimation optics. This shift becomes progressively 
pronounced as absorption increasingly overcompen­
sates geometric effects. Second, dependent on the 
absorption coefficient and the distance of the focus 
from the sample surface the absolute maximum can 
be reached a t the surface rather than  in the focal 
region.
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Fig. 2. Normalised power density of absorbed laser energy 
versus reduced z-coordinate. Curves are calculated according to 
Eq. (4). Annotations denote value of dimensionless factor (A b) 
with A the material absorption coefficient and b the characteristic 
z-length as defined in text. Upper arrow indicates propagation 
direction of laser light.
In stead  of a tte m p tin g  to solve the  Laplace 
equation for the stationary tem perature field in the 
m ost general case the tem pera tu re  rise will be 
estimated here by approximating the actual heating 
region by a spherical volume. As can be seen in Fig.2 
for A b s 0.3 all absorbed power density  curves 
similarly represent, in a wide z-range. a narrow 
heating zone around the focus which, in z. extends 
over a characteristic length of 2h The volume of this 
zone is 8 /Зд  a2b while the radius of a sphere of equal 
volume is given by R^=2arb. Solving AT(R)=0 in the 
radial coordinate R for a spherical heating zone 
inside an isotropic medium yields dT\R) = T(R) - 7(x) = 
= Р/(4лА/?) for the tem perature elevation where P 
the absorbed or heating power in Watts and >. the 
therm al conductivity in W/(Km). A ssum ing the 
tem perature gradient vanishes for R < R() inside the 
h ea tin g  zone th e  m axim um  te m p e ra tu re  rise  
becom es:
dTm„ = P « 4 * b R 0). (5)
The heating power can. within an error of 1.5 %. 
be approximated by P= I(-b) - Д+b) = /(O)-(exp(A b) - 
ехр(-А*Ь))»2Д0)АЬ if A b=0.3 . Using the previous 
approxim ations and  com bining Eq. (5) and  the 
expressions for R^ and tg(a) dT nx can be rewritten :
С'7Гтах = И /(°)Л )(16я3№ ) Г '3, (6)
If the focus lies inside a sample of refractive index
т\ the effective cone half angle can be calculated from 
Snellius’ law a  = arcsin(iVA/ruj [11] and is. like the 
la ser power /(0) in the focus, w ith in  lim its, an  
experimentally adjustable parameter. Values for r\ 
range typically from 1,3 (water) to 2,4 (diamond) while 
the objective NA spans, for high spatial resolution 
work, from 0,55 to 0.95. In a simplistic approach and 
disregarding any refraction effects when using dry 
objectives [12] it can be derived from the foregoing 
figures that a lies between 13° and 46° and the 2 b- 
length of the heating zone extends over 1 to 9 pm. 
Hence, since the considerations assum e A bz  0.3. the 
upper limit for A that would be compliant with this 
treatm ent is on the order of lOVm. Heating is most 
noticeable in thermal insulators (А» 0.1 W/Km) and, 
thus, with a laser power ДО)» 1 mW typical for micro- 
Raman. the first bracketed factor in Eq. (6) equals 
1000 К while the second dimensionless one can vary 
between 0.12 and 0,34. Under these conditions a 
dT|1Klx. as large as a few hundred Kelvin is possible in 
principle. For poor therm al conductors (A » 1 to 
several W/Km) th is value drops accordingly. The 
proportionality of dTUKyK and the quotient A/A reflects 
th e  fact th a t sam ple  ab so rp tio n  an d  th e rm a l 
conductivity determ ine equally the extent of any 
heating effects whereas the sam ple refractive index 
only has a small indirect influence through tg(a) 
which can be offset by the choice of objective. Thus 
far only thermal conduction has been accounted for. 
Applying the Stefan-Boltzmann relation to an isolated 
sphere with the charac teristic  rad iu s  Ru and  a 
temperature o f700 К (room tem perature plus 400 K) 
emitting towards a 300 К background shows that 
the power loss by therm al radiation is at the most a 
negligible 10 ’ mW. The above considerations with 
respect to dTl]yAS hold only in the absence of convection 
and are. therefore, applicable exclusively to solid 
matter. Also, w ithout any resonance effects coming 
into play, the Raman or Rayleigh sca tte r cannot 
contribute significantly to any heating effects due 
to their respective weak intensities. The above figures 
tend to overestimate dT  for several reasons them .i\
most im portant ones being that:
a) the hea t tran sfe r is least effective for the 
a ssum ed  spherica l shape  of the  hot zone th a t 
possesses the sm allest possible surface area-to- 
volume ratio:
b) w ithin a sam ple p rincipally  unavoidab le  
refraction effects lead to both a change of the beam 
profile and a substantial widening of the beam waist 
far in excess of the waveoptical limits.
Refraction effects are m ost p ronounced  for 
sam ples of high refractive index and dry high NA 
objectives and even the use of immersion liquids for
index matching can only partly compensate for them 
[12-14).
Accuracy of Stokes /anti-Stokes thermometry
B ased on Eq. (1) the tem pera tu re  of m inute 
sample volumes, in confocal operation down to the 
order of femtoliters, can be determined contactless. 
W ith reg ard  to th e rm o m etry  th e  p rinc ipa lly  
achievable tem perature accuracy is of great interest 
and shall be assessed here. Since all modem Raman 
spectrom eters use photon-counting detectors the 
intensity is m easured in photon counts (C) rather 
than  in radiant power (f). Accordingly the radiant 
intensity /s in Eq. (1) is given by /s = Cs h c (v 0 - v,) 
w hile an  analogue  ex p ress io n  ho lds for 
Transformation of Eq. (1) then yields the practically 
more relevant relation with M the relative photon 
count rate [3,15]:
M = Cs/Ca = ((v0 - v,)l(v0 + 'О)3 • exp((hcv,)l(kT)). (7)
The count rates still need to be corrected for the 
spectral response of the spectrometer. Usually, the 
finite width of the Raman bands can be disregarded 
and the sensitivity correction can be accomplished 
by app ly ing  a sing le  factor. S to the  ac tu a lly  
m easured  photon count ra tes cs and ca so th a t 
M = Scs/c , = Cs/C.(. Solving now Eq. (7) for T. defining 
the factor N = (v0 + v,)/( v„ - v,). differentiating the so 
obtained expression with respect toM. iVand n, and 
subsequent G auss addition of the respective abso­
lute errors results in:
(*77Т)2 = « * ѵ Д / +
+ [ In(M) + 3 ln(A/) ] 2 [ (dM/M)2 + 9 (dN/N)2 ]. 1 '
Assuming \'() and v, can be m easured within the 
sam e experim ental uncertainty, dv  and fu rther 
straightforward calculation gives (dN/N)2 = 4 (dv )2 
K'u2 + *'i2)/('o2 ■ v\2)2 ]• The upper boundary for the 
factor in square brackets will be reached if v0 is at its 
minimum while v, equals its maximum value. So the 
limit for 9 (dN/N)2 can be calculated to be less than 
3- 10 (Sbasedond\'=2cm  ’. v()=9398cm 1 (correspon­
ding to 1064 nm NIR excitation) and \',=4000cm ’. 
This is negligible compared with the composite error 
(dM/M)2 = (dcV cJ2 + (dc./c.)2 + (dS/S)2 which is 
realistically no smaller than  some 3-10 4 because 
each individual error is typically at the best in the 
percent range. Hence Eq. (8) simplifies to:
(dT/T)2 -  (dv/v/)2 + (k/hc)2(T/v  ^)2(dM/M)2. (9)
For a given sample temperature the weighting factor 
of (dM/M)2 in Eq. (9) and generally also dT/Tis smallest 
for great Raman shifts. In representative circum ­
stances (dv/V, = 1 /3500, T = 300 К and dM/M= 3 %) 
the best accurracy theoretically achievable is approxi­
mately 0,02 %. At the other extreme (dv /  v, = 1 /100, 
T= 1500 K, dM/M= 3 %) the value for dT/Treaches 
31 % rendering any measurement effectively meanin­
gless. In this case a Raman peak shift of 3500 cm 1 
would reduce the error to an excellent 0.9 % again. 
Figures for dT /T  for selected values of v, and Tare 
shown in Table.
Theoretical values for dT/T in percent for selected Raman 
peak shifts and sample temperatures. Calculations 
according to Eq. (9) assume dM/M = 3 % and dv = 1 cm 1. 
According to Eq. (10) dT/T is, to a first approximation, 
proportional to dM/M
Raman shift 
V, [cm-1]
200 К 300 К 600 К 1500 К
100 4.3 6.4 12.6 31.5
500 0.9 1.3 2.5 6.3
1500 0.3 0.4 0.8 2.1
3500 0.1 0.2 0.4 0.9
According to Eq. (10) d T /T  is. to a first appro­
ximation. proportional to d M /M . For T-(dM/M) »  
1 Kelvin and dv= 1 cm 1 the second sum m and predo­
m inates Eq. (9) which can then be further reduced 
to:
dT/T ~ (kT)/(hcv, )• (dM/M) -  {W ]
*  0.7 cm VKelvin (77у ) (dM/M). 1
In practice, various effects additionally deterio­
rate dT/T. These can be classified according to 
whether Eq. (1) as such fails or w hether the actual 
relative band in tensities  are som ehow  altered. 
Recently it was demonstrated that non-fundamental 
bands that owe their entire intensity to anharm oni- 
city can show drastic deviations of their Stokes/anti- 
Stokes ratio from theory [16| while anharm onicity 
effects are commonly small for fundam entals and. 
therefore, with respect to inten-sity. are normally 
insignificant to these. Also if reso-nance effects are 
present the prerequisites for deriving Eq. (1) are no 
longer valid. Further. Raman signals collected from 
inside a sample can suffer from frequency dependent 
absorp tion  or scattering  losses th a t potentially 
modify Stokes/anti-Stokes ratios. Even if absoq^tion 
effects are absen t pure scattering losses can be 
m arked causing  d rastic  changes of the relative 
intensity, particularly in he-terogeneous materials 
[17). Still widely unacknow-ledged is the possible 
chromatic aberration of the collection optics which 
is potentially  im portan t, especially in the near 
infrared region. It can change intensity ratios as the 
sam ple is placed a t different d istances from the 
objective because the optimum focus of a Raman 
band depends on its absolute wavenumber [18]. In
sam ples possessing strong dispersion the solid 
angle under which Raman scatter can be collected 
from w ithin and  therefore also signal collection 
efficiency varies noticeably with wavelength.
SUMMARY
The laser induced tem peratu re  rise inside a 
sample can be estimated and expressed analytically 
using  few sim ple approxim ations. The sam ple 
absorption coefficient, the thermal conductivity and 
the laser power are equally relevant param eters 
w h ereas  th e  sam ple  refractive index an d  the  
objective num erical apertu re  only have a m inor 
influence. The notion of a hot spot located exactly at
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